Abstract-Stimulation of abdominal and upper-thoracic muscles was studied with the long-term goal of improved respiratory care for spinal cord injury (SCI) patients. A 12-channel stimulator and multiple surface and implanted Permaloc electrodes were evaluated in five anesthetized canines. Abdominal stimulation with 100 mA using four bilateral sets of surface electrodes placed on the midaxillary line at the 7th through 13th intercostal spaces and with a closed airway at a large lung volume produced an expiratory tracheal pressure of 109 +/-29 cm H2O (n = 2, mean +/-standard error of the mean). Similar high pressures were induced with implanted electrodes at the same locations. Upper-thoracic stimulation with 40 mA and four sets of implanted electrodes ventral to the axilla induced inspiratory pressures of 12 +/-2 cm H2O (n = 5). Combined extradiaphragmatic pacing with an open airway produced a tidal volume of 440 +/-45 mL (n = 4). The robust respiratory volumes and pressures suggest applications in SCI respiratory care.
INTRODUCTION
Most individuals with spinal cord injury (SCI) at upper cervical levels require ventilatory support. An alternative to mechanical ventilators is phrenic nerve stimulation, which has been shown to be helpful in these individuals [1] [2] [3] [4] . Phrenic nerve stimulation can be delivered with mediastinal electrodes or diaphragmatic intramuscular hook electrodes. The intramuscular electrodes for this application (Peterson Electrodes, Case Western Reserve University [Cleveland, Ohio] or Permaloc ® Electrodes Synapse Biomedical, Inc [Oberlin, Ohio] ) are widely used [1] . One important limitation of phrenic nerve stimulation to generate tidal breathing is inward movement of the paralyzed upper rib cage; however, activation of upper-thoracic, external-intercostal, inspiratory muscles can ameliorate this effect [1] . Another limitation of phrenic nerve stimulation alone is the inability to recruit abdominal muscles [5] [6] , which are needed to produce cough. Abdominal contractions induce high expiratory velocity and flow rates for removal of respiratory secretions and are important in management of respiratory tract infections [1] . Abdominal muscle stimulation can also contribute to minute ventilation volumes as may be needed during respiratory distress; this contribution comes after the end of stimulation when elastic recoil of the chest and abdominal walls produces an inspiratory effect [1] [2] [3] .
In patients [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] and laboratory animals [15] [16] [17] [18] , stimulation of extradiaphragmatic abdominal and upperthoracic respiratory muscles has been accomplished centrally with spinal epidural electrodes and peripherally with implanted and surface electrodes. Although large respiratory volumes were achieved from the extradiaphragmatic muscles with both of these approaches, they have not been extended to general SCI respiratory care. The primary limitation of epidural electrodes is the invasive surgery needed for implanting multiple electrodes to produce sufficient respiratory effects. Limitations with peripheral surface electrodes include the need for daily application of electrodes and wires, as well as respiratory responses that may be insufficient for effective cough [13] [14] .
Our laboratory has investigated the peripheral stimulation approach to extradiaphragmatic muscles using implanted Permaloc and related electrodes next to motor nerves. Respiratory responses in our prior studies were limited because of the use of too few electrodes, stimulating currents that were too low, and less than optimal electrode implant locations [19] [20] [21] [22] . In the current study, improved methods to address each of these concerns were conducted and corresponding increases in respiratory responses were obtained.
METHODS

Anesthesia, Respiratory Instrumentation, Apnea, and Stimulation Techniques
Five adult male, short-hair canines weighing 15 to 25 kg (mean ± standard error of the mean [SEM] 17.5 ± 0.6 kg) were obtained from commercial vendors (Oak Hill Genetics; Ewing, Illinois). Anesthesia was initiated with intravenous (IV) propofol (3-6 mg/kg) in the cephalic vein prior to intubation; next, isoflurane (1.5%-2.5%) was delivered through an endotracheal tube in combination with continuous IV infusion of fentanyl (5-10 µg/kg/h) [12] . Actual amounts or concentrations varied somewhat in each animal to maintain a deep level of surgical anesthesia. Animals were artificially ventilated (Drager Anesthesia Ventilator; Louisville, Kentucky). Minute ventilation was titrated to maintain an end tidal partial pressure of carbon dioxide (pCO 2 ) of 35 mm Hg (Tidal Wave Capnograph/Osimeter, DRE Veterinary; Louisville, Kentucky). Atropine (0.05 mg/kg, intramuscular) was administered following anesthesia to reduce respiratory secretions. Body temperature was maintained at 38°C and IV isotonic saline (0.9%, weight per volume) administered at a rate of 10 mL/kg/h. After the respiratory protocols, animals were euthanized during deep anesthesia by IV administration of 50 cc of Euthasol euthanasia solution (Virbac Corporation; Fort Worth, Texas). During autopsy, location of the intramuscular electrodes in the two sets of respiratory muscle groups was visually confirmed and documented by photography.
Animals were instrumented for respiratory monitoring: airway pressure was recorded at the end of the endotracheal tube and either isometric respiratory muscle contractions were recorded with a closed airway, the clamp being distal to the pressure recording site, or air flow and volume were recorded with an open airway [20] [21] . Flow was monitored with a pneumotachometer (Model 300L, ADInstruments Inc; Colorado Springs, Colorado). The flow signal was integrated (LabChart, ADInstruments Inc) to determine inspired and expired volumes. Esophageal pressure was monitored with a small balloon-tipped tube made from a surgical glove finger that was sealed at the end of the tube with glue and thread. The balloon and tube were filled with water and advanced orally to the esophagus to a location just rostral to the diaphragm [21] [22] . The same type of balloontipped tube was used for abdominal pressure recording, and the balloon was introduced anally and advanced 23 cm into the colon to lie caudal to the diaphragm [21] [22] . A respiratory pneumobelt was used to record chest wall movement and was placed around the chest at the inferior edge of the sternum near the xiphoid process. A waterfilled tube that was open on the end and taped to the skin at the xiphoid was used as an indication of general body movements recorded as hydrostatic pressure changes. Shaking and jerking were recorded as spikes, and inspiration and expiration were indicated by gradual increases and decreases in baseline pressures, respectively. A Lead II electrocardiogram with small hook electrodes under the limbs was recorded to determine whether any heart arrhythmias were induced during stimulation. Blood pressure transducers (World Precision Instruments, Inc; Sarasota, Florida) and amplifiers (ADInstruments Inc) were used; recordings were displayed on a 16-channel recorder (ADInstruments Inc).
Three different types of stimulating electrodes were used for both extradiaphragmatic muscle groups. Surface electrodes (Conductive Black Rubber, 4 × 4 cm, Medtronic Inc; Minneapolis, Minnesota) required keeping the skin-electrode interface wet with isotonic saline for good electrical conduction. Suction electrodes (Synapse Biomedical Inc), which consisted of 5 mm diameter steel tubing that was insulated except at the tip, were held during testing by investigators. Permaloc electrodes were implanted directly into extradiaphragmatic respiratory muscles. Two modifications were made to these electrodes: first, polypropylene securing barbs were not installed so electrodes could be reused; second, distal ends of electrodes were permanently soldered to a lead for connection to the stimulator. Such modifications will not affect electrical properties of the Permaloc electrodes.
Electrical stimulations were delivered with a Permaloc 12-Channel Laboratory Pulse Generator (Synapse Biomedical Inc) controlled from a computer. Four channels were used in both abdominal and upper-intercostal muscle groups; an additional four channels were available for diaphragm pacing but were not used. Stimulation pulses were balanced biphasic and constant-current. Each phase of the biphasic pulse was a square wave that was 100 µs in duration, and there was a 100 µs delay between alternate waves. Current for each channel could be selected independently from 1 to 100 mA. The maximal current of 100 mA was available in all five animals with implanted electrodes; however, the maximal current with surface electrodes was limited to only 50 mA per channel in the first three animals because of high electrode resistance. Following stimulator modifications, the maximal current of 100 mA was also available for surface electrodes in the last two animals. Available independently for both muscle groups was the stimulating frequency (10 to 50 Hz) and current ramping. Ramping consists of linear increases in current from 0 to 100 percent over the preselected stimulation period. No ramping produced 100 percent of the selected current during the entire stimulation period. Available only for the stimulation channels usually used for the abdominal muscle group was staggering, which consisted of a 2 ms delay between stimulation of individual channels. Staggering for the upper thorax, however, could be accomplished by switching the wires on the outside of the stimulator. Single selections applying to both muscle groups included 6 to 20 respirations per minute (rpm) and stimulation period (0.5 to 2.5 s). The stimulation periods were long enough for pressure or volume recordings to produce a peak plateau value longer than 150 µs.
Respiratory stimulation was conducted during a period of respiratory apnea following hyperventilation induced with 25 rpm, which drove the end-tidal pCO 2 down to 27 mm Hg. Respiratory apnea followed the hyperpnea and lasted approximately 2 min when the animal was returned to the respirator. Stimulation records within 10 s of a spontaneous inspiration were excluded from analysis [20] [21] .
Abdominal Muscle Stimulation with Closed Airway
Surface Electrodes
Mapping and stimulation studies were conducted with four bilateral sets of surface electrodes, and peak isometric pressures as well as other respiratory measures were recorded. Maximal abdominal contractions are important to determine because they are needed for cough; therefore, high currents were tested. Only 50 mA per channel was available for testing in the first three animals, whereas 100 mA per channel was used in the last two animals (see explanation regarding stimulator in previous section). Other parameters for these high-current tests included 0.7 s stimulation period, simultaneous channels, and no current ramping. Lung volume has an effect on abdominal contractions; therefore, testing was conducted at both functional residual capacity (FRC) and FRC + 1,500 mL. In the largest animal, FRC + 2,500 mL was used. The responses to stimulation at these two different lung volumes were similar and the results were pooled. Four locations were tested during these mapping tests, and the first three locations used electrodes in a straight line with equal separation between electrodes: (1) along the midaxillary line, a line that is parallel and approximately 10 cm ventral to the vertebra; the four bilateral electrodes were placed from the seventh rib interspace to the third lumbar area ( Figure 1) ; (2) along a line 4 cm dorsal to the midaxillary line; (3) along the rostral edge of costal margin that separates the ribs from the abdomen, the line included three electrodes along the margin and the fourth dorsal to the margin; (4) a box arrangement was used with two electrodes ventral and two electrodes dorsal and placement of these electrodes was in the midlateral abdominal area.
Suction Electrodes
Following abdominal incisions, further mapping was conducted with a single set of bilateral suction electrodes that were held on the muscles by the investigators (without suction) and were used to produce a more focused electrical field. For testing, 100 mA was used and individual intercostal spaces were tested on the midaxillary line and at dorsal and ventral locations from the line. These studies, however, were only conducted in three animals.
Permaloc Electrodes
Four bilateral sets of electrodes were implanted at locations identified during the mapping studies. Implants were at costal interspaces just caudal to the caudal edge of the rib near the intercostal nerve and approximately 1 cm deep (Figure 1 ). Below the 13th rib, electrodes were implanted at a similar depth so as not to enter the abdominal cavity. Testing following implantations used all four sets of implanted electrodes and included a complete current-response test with a maximal current of 100 mA per channel (400 mA for four channels). Further testing was conducted at 100 mA per channel to evaluate stimulation parameters including frequency, staggering of channels, and current ramping or no ramping.
Upper-Intercostal Muscle Stimulation with Closed Airway
Mapping tests in the upper-thorax followed the same protocols as for abdominal muscles. The four bilateral surface electrodes were tested from the first through fifth ribs that are important for inspiratory responses ( Figure  1 ). Maximal stimulating currents were limited if there was more than slight forelimb movements. The single set of bilateral suction electrodes was tested at 40 to 75 mA to avoid forelimb movements induced with higher stimulating currents. Test locations were at intercostal spaces described for the surface electrodes and from the axilla to 4 cm ventral to the axilla. Four sets of bilateral Permaloc electrodes were then implanted at costal interspace locations identified as providing large inspiratory responses with no more than slight forelimb movement (Figure 1) . Following implantations, testing was continued to assess effects of stimulating parameters.
Respiratory Pacing with Open Airway
Open airway testing was only conducted with the four sets of Permaloc electrodes that had been implanted in abdominal and thoracic respiratory muscles. Effective stimulation parameters that induced large respiratory volumes and flow rates were determined. Simultaneous channel stimulation was used for abdominal muscle stimulation, whereas only channel staggering was available in the upper thorax. Combined muscle stimulation was next conducted with the upper-thorax stimulated first and followed immediately with abdominal muscle stimulation [20] [21] . A 5 min pacing test at 16 or 20 rpm was conducted using the effective stimulating parameters and combined muscle stimulation to assess muscle fatigue. Respiratory measures are presented as mean ± SEM. Differences were compared with a paired Student t-test and were considered significant at p  0.05 level.
RESULTS
Abdominal Muscle Testing with Closed Airway
Surface Electrodes
The first location tested with four bilateral sets of the bipolar electrodes was along the midaxillary line from 1 cm caudal to the 13th rib to the 7th rib interspace. Stimulation was conducted at 50 Hz for 0.7 s stimulation periods and without current ramping or channel staggering. In the first three animals, the maximal current available was 50 mA per channel and the peak abdominal and tracheal pressures were <50 cm H 2 O at FRC and FRC + 1,500 mL. In the last two animals, 100 mA per channel (total 400 mA for four channels) was used, inducing a much greater respiratory response ( Table 1) . At FRC, stimulated peak abdominal pressure was >90 cm H 2 O; however, this pressure was not effectively transmitted to the endotracheal tube, which showed pressures <20 cm H 2 O. Upon increasing the lung volume to FRC + 1,500 mL, the chest was observed to expand much more than the abdomen and baseline tracheal pressures increased more than abdominal pressures. Stimulation at the larger lung volume induced >90 cm H 2 O increases in pressure above baseline in both the 
Suction Electrodes
Further mapping was conducted with the single set of bilateral suction electrodes and tested at 100 mA stimulating currents. As shown by the respiratory pressure tracings in Figure 2 , abdominal and tracheal expiratory pressures were low when stimulation was applied at FRC; however, at FRC + 1,500 mL, higher abdominal and endotracheal tube pressures of 15 to 30 cm H 2 O were induced both along the midaxillary line from 6 cm caudal to the costal margin to the sixth thoracic interspace and along a dorsal-ventral line at the eighth thoracic interspace. Stimulations 4 and 6 cm dorsal to the midaxillary line at the eighth interspace induced the highest peak endotracheal tube pressure of 30 cm H 2 O. Similar observations were made in all three animals tested and suggest that electrodes should be implanted along the midaxial line or just dorsal to it.
Further testing 6 cm caudal to the 13th rib also produced high expiratory responses but also induced unwanted lower-limb movements, which could be avoided by stimulating more rostrally where peak expiratory pressures could still be maintained. At the rostral end of testing sites, the sixth rib interspace, abdominal contractions could be induced but forelimb movement occurred; these movements were avoided by stimulating caudal to the sixth rib interspace. These results suggest the rostral-caudal regions where electrodes should be implanted.
Permaloc Electrodes
Using identified effective stimulation sites, four bilateral sets of Permaloc electrodes were implanted. In the first two animals, these electrodes were inserted along the midaxillary line, including 1 cm caudal to the 13th rib and 12th, 10th, and 8th interspaces; in the last three animals, the implantations were at the same interspaces but the three rostral electrodes were implanted 4 cm dorsal to the midaxillary line (Figure 1) . Respiratory responses from the two different implant locations were similar; therefore, the data were pooled.
Stimulation conditions for the implanted abdominal electrodes included 50 Hz stimulating frequency, no channel staggering, and a lung volume of FRC + 1,500 mL ( Table 2) . Current-response tests showed that increases in current from 25 to 100 mA induced corresponding increases in peak abdominal and endotracheal tube . Surprisingly, at these lower currents, endotracheal tube pressures were higher on average than abdominal pressures. At 100 mA, the highest current available per stimulating channel, >90 cm H 2 O abdominal and endotracheal tube pressure occurred. Three additional tests were conducted at the 100 mA stimulating current. Stimulation at 20 Hz only induced a peak endotracheal tube pressure 61 ± 5 percent as high as at 50 Hz stimulation (n = 4, p  0.05). Staggering of the stimulating channels only induced a pressure 54 ± 3 percent as high as simultaneous channel stimulation (n = 5, p  0.05). Current ramping did not reduce peak endotracheal tube pressures compared with protocols without current ramping. With ramping, however, the peak pressure only occurred at the end of the stimulation period, compared with a sustained, plateau, peak pressure that occurred during stimulation without ramping. More graded muscle contractions occurred with ramping. Two side effects of stimulation observed during these and related tests that included the 100 mA per channel stimulation (400 mA for four channels) and abdominal pressures >80 cm H 2 O were urination (n = 5) and defecation (n = 1).
Upper-Intercostal Muscle Testing with Closed Airway
Surface Electrodes Stimulation tests were conducted at FRC and with four surface electrodes placed over the upper-thoracic muscles from the axilla to near the sternum and from the first to the fifth interspaces. Stimulation at 50 Hz and 50 mA (total 200 mA for four channels) induced peak inspiratory pressures of only 6 ± 1 cm H 2 O (n = 4). Higher stimulating currents induced excessive forelimb movement, precluding their use. The four surface electrodes completely covered the upper-thorax area of interest; thus, no other locations were tested.
Suction Electrodes
Mapping with suction electrodes was conducted at the same interspaces as for the surface electrodes with 40 to 75 mA stimulating current. At the first thoracic interspace, high negative inspiratory pressures were induced, but there was forelimb contraction, particularly near the axilla, precluding further testing at these locations. At the second and third intercostal spaces, maximal inspiratory pressures of 6 to 12 cm H 2 O were induced; however, moderate leg contractions did occur near the axilla. Inspiratory responses without the forelimb contractions were obtained at 1 to 4 cm dorsal to the axilla. At the fourth and fifth interspaces, reduced inspiratory pressures of 5 and 6 cm H 2 O were recorded. The sixth interspace did not produce an inspiratory effect.
Permaloc Electrodes
Four bilateral sets of Permaloc electrodes were then implanted 4 cm ventral to the axilla at the second through fifth costal interspaces approximately 1 cm deep into the thoracic muscles (Figure 1) . Current-response testing demonstrated that the highest inspiratory pressures occurred at 40 mA, resulting in 12 cm H 2 O inspiratory pressure with only slight forelimb movement, slight to moderate in one animal ( Table 2) . Abdominal pressure changes during this stimulation were small. A higher stimulating current of 60 mA evaluated in two animals induced high inspiratory pressures of 30 to 40 cm H 2 O; however, strong forelimb movements occurred. Based on electrocardiogram recording, no heart arrhythmias were induced during any stimulation test.
Two additional tests were conducted with 40 mA stimulation current. Stimulation at 20 Hz was 89 ± 9 percent (n = 5) as effective as at 50 Hz in inducing peak inspiratory endotracheal tube pressures. Current ramping induced equivalent maximal pressures compared with stimulation without ramping; however, ramping produced much more even muscle contractions. 
Respiratory Pacing with Open Airway
The four bilateral sets of implanted Permaloc electrodes in both respiratory muscles were used in respiratory pacing studies measuring airway volume and flow. Effective stimulation parameters were determined in both individual muscle groups to produce the highest respiratory responses without more than slight limb movements. No ramping of the stimulating current or staggering of the stimulation channels was used. For abdominal muscle stimulation, 50 Hz was most effective in all four animals. Higher volumes in three animals were induced with 100 mA, whereas in the fourth animal expiratory volumes were increased using only 75 mA. Complete expiration occurred at 0.5 s, as seen in the plateau of the expiratory volume recording; however, a longer period of 1.3 s was included as the effective period because it had to apply to both muscle groups and the upper thorax required the period of 1.3 s for a complete inspiration. For the upper thorax, 50 Hz stimulation frequency induced larger respiratory responses in three animals, whereas 20 Hz induced the larger responses in two animals. In three animals, 40 mA current was used and in one animal, 30 mA when greater inspiratory responses were observed.
Respiratory records using the effective stimulating parameters are shown in Figure 3 , where combined muscle stimulation is also included. Both individual muscle stimulations recorded the low endotracheal tube and esophageal pressures that are typical of stimulation responses with an open airway. For abdominal muscle stimulation alone, abdominal pressures are high and pneumobelt records show large upper-chest expansions during stimulation. During upper-thorax stimulation alone, abdominal pressures were low, but a large upperchest expansion occurred. Flow and volume records reflect expiratory and inspiratory effects that were greater for stimulation of the upper-thorax than for abdominal muscles. Body movements recorded with the hydrostatic tube located at the level of the mediastinum showed uneven body movement (jerking) during stimulation, revealed as wide black lines in Figure 3 ; elevation of the mediastinum is shown by increases in baseline pressures. The largest respiratory volumes and flows, shown in Figure 3 , occurred during combined upper-intercostal stimulation followed immediately by abdominal stimulation. This large expiratory volume was measured from the peak of the upper-thorax inspiratory volume to the trough of abdominal muscle expiration. Such expiratory effort is also associated with higher flow rates than occurred with stimulation of individual muscle groups. Pneumobelt recordings of the thorax during this combined stimulation showed that the chest expansions during upper-thorax muscle stimulation were maintained during abdominal stimulation.
The average inspiratory peak volume using effective upper-thoracic stimulation was 310 ± 41 mL (n = 4). The average expired peak volume for abdominal stimulation alone was 153 ± 20 mL. Combined muscle stimulation induced an expiratory effort of 440 ± 45 mL, which is significantly greater than with either individual muscle group (n = 4, p  0.05). The peak expiratory flow during abdominal muscle stimulation alone was 500 ± 100 mL/s, which was significantly lower than that for combined respiratory muscle stimulation, which amounted to 900 ± 100 mL/s (n = 4, p  0.05).
The 5 min respiratory pacing test used combined muscle stimulation. In three animals, 16 rpm was used and in one animal, 20 rpm; because similar responses occurred at the two different rates, the results were pooled. The tidal volume at the start of pacing was 443 ± 44 mL, and at the end of the 5 min pacing, the tidal volume was 411 ± 24 mL (n = 4), demonstrating that the tidal volume was well maintained.
DISCUSSION
Abdominal Muscle Stimulation
This is the first study, to our knowledge, to stimulate abdominal muscles with four bilateral sets of surface and implanted electrodes along the midaxial line and to use conditions of simultaneous channel stimulation with a high current of 100 mA per channel or 400 mA total for four channels. Other important study conditions included pressure recording with a closed airway and a lung volume of FRC + 1,500 mL or flow and volume with an open airway, balanced biphasic stimulating pulses, bipolar electrodes across the body, and 50 Hz stimulation frequency. Large expiratory responses were induced with both the surface and implanted electrodes and were much larger than those obtained in our previous studies using fewer electrodes implanted in midlateral abdominal areas and using lower stimulating currents [19] [20] [21] [22] .
In anesthetized canines, epidural electrodes on the dorsal side of the lower-thoracic spinal cord elicited strong abdominal muscle contractions with an average exhaled volume of 218 mL [15] . Clinical studies with electrodes on the abdominal surface and on the ventral side of the spinal cord have produced exhaled volumes greater than 1 L [5] [6] [7] [8] [9] . DiMarco et al. attributed the large exhaled volumes during ventral spinal cord stimulation to spread of the electric field to multiple spinal levels and recruitment of multiple abdominal muscles [7] . Lin et al. noted in canines that stimulation of multiple spinal levels is important to enhance respiratory volumes [18] . Lee et al. observed large expiratory volumes suitable for cough production using surface electrodes over the costal margin in one SCI patient; they stated that the caudal, dorsallateral area of the abdominal wall was a particularly important stimulation site to generate high expiratory volumes [11] . Multiple mechanisms probably contributed to the large expiratory volumes reported in this study including those suggested by DiMarco et al. [7] , Lin et al. [18] , and Lee et al. [11] .
Upper-Intercostal Muscle Stimulation
Multiple implanted Permaloc electrodes in the upperthorax were more effective than surface electrodes in generating inspiratory pressures because surface electrodes were limited by more spread of current to forelimb muscles. The inspiratory responses with implanted electrodes are significantly larger than those obtained in our previous studies using only two bilateral sets of implanted electrodes [19] [20] [21] [22] . Inspiratory volumes in this study are similar to those cited by DiMarco et al. using epidural electrodes on the spinal cord [5, 7, [15] [16] [17] . Again, these investigators attributed the large inspiratory volumes to spread of the electrical field to several thoracic levels along the spinal cord and, therefore, stimulation of multiple muscle groups. We stimulated four intercostal spaces in each hemithorax, similar to DiMarco et al. [5, 15] , who recruited the second to fifth intercostal spaces using the more invasive technique of spinal cord stimulation.
Respiratory Pacing
Combined accessory respiratory muscle stimulation with an open airway produced nearly 100 percent greater flow and volume responses than could be obtained with individual muscle stimulation. Thus, combined muscle stimulation is important for obtaining large respiratory responses needed for cough production. The peak flow rate recorded in this study of 0.9 L/s is well below the effective flow rate needed by patients for cough of 4.5 L/s [5, 15] ; however, this difference can be explained, in part, by the smaller size of the dog abdominal cavity compared with humans [21] . Importantly, similar stimulation induced ventilatory responses in anesthetized canines as those reported here have been translated to human ventilation and cough production [15, [17] [18] . Finally, the 5 min respiratory pacing results with combined muscle stimulation showed that large tidal volumes can be maintained, which is important for chronic ventilation applications.
Limits of Techniques
Mapping with surface and suction electrodes to locate sites for implanted electrodes was limited because stimulation of overlying muscles occurred; alternatively, mapping with small intramuscular electrodes would be more accurate. For abdominal muscles, four bilateral sets of implanted electrodes may have been insufficient because only every other rib interspace could be stimulated; thus, more electrode implants may be more effective. Further, the maximal current of 100 mA per channel may have been too low; current-response curves showed increased responses up to this maximal current, indicating that higher currents would have resulted in even greater responses ( Table 2) . Stimulation of abdominal muscles in some cases was associated with poor transmission of abdominal pressures to the trachea and insufficient flow rates needed for respiration and cough ( Table  1, Figures 2 and 3) . Limited tracheal pressures were associated with expansion of the upper chest as shown in the pneumobelt recording during abdominal stimulation (Figure 3) . In contrast, with combined muscle stimulation, activation of abdominal muscles started with an expanded upper chest at the end of upper-thorax stimulation, and thus, a greater abdominal expiratory effect was induced (Figure 3) . In other cases of abdominal stimulation alone, abdominal pressures were well transmitted to the trachea, which occurred with use of the full set of four bilateral electrodes at effective stimulation sites. This stimulation probably activated abdominal oblique muscles that can reduce upper-chest expansion. Glottis closure is an important part of cough production with abdominal contractions, but glottis closure was not modeled. Cough begins with a forced expiration against a closed glottis to build up tracheal pressures. With partial opening of the glottis a very high air-velocity and flow occurs, and the force generated dislodges and moves mucus out of the airways. Individuals with SCI can be trained for glottal maneuvers with an external light signal to indicate the onset and duration of closure; such maneuvers should be included in this Permaloc system [10] [11] .
For the upper thorax, four surface electrodes at a maximum of 50 mA produced unwanted forelimb movement and might be improved by using fewer electrodes at higher stimulating current to better focus the electrical field. With implanted Permaloc electrodes in the upper thorax, 20 Hz stimulation frequency was only slightly less effective in inducing a respiratory response than 50 Hz; thus, further frequency-response testing is warranted to determine an optimal stimulating frequency. The stimulator program we used did not have the option of simultaneous channel stimulation for the upper thorax, only staggered channel stimulation, for combined muscle stimulation protocols; future software programs should include this option. The ability to independently set the stimulation periods for the abdominal and upper-intercostal muscles would also have been useful to further refine our stimulation parameters.
CONCLUSIONS AND FUTURE DIRECTIONS
Our respiratory stimulation system included the Permaloc 12-Channel Laboratory Pulse Generator and surface and Permaloc intramuscular electrodes for stimulation of accessory respiratory abdominal and upper-thoracic muscles. The large respiratory responses induced warrant further investigation for application in SCI respiratory care. Although the primary application for this system will be in conjunction with diaphragmatic pacing, applications independent of diaphragmatic pacing should be considered further. Clinical testing with surface electrodes could be conducted because this noninvasive approach has minimal risk or regulatory restrictions and further testing may be more effectively conducted in patients rather than in animal models. Further studies with implanted electrodes, however, should address the limitation noted in this current study. In addition, measurement of oxygen utilization during stimulation of large extradiaphragmatic respiratory muscles should be conducted to determine how electrically stimulated contraction of these muscles affects oxygen utilization. Finally, current testing with Permaloc electrodes will facilitate technology transfer goals for an implanted system because this electrode is currently Food and Drug Administration approved for diaphragm pacing in highlevel SCI patients [4] .
